We have obtained medium-resolution, deep optical long-slit spectra of the bulge planetary nebula (PN) M 2-24. The spectrum covers the wavelength range from 3610-7330Å. Over two hundred emission lines have been detected. The spectra show a variety of optical recombination lines (ORLs) from C, N, O and Ne ions. The diagnostic diagram shows significant density and temperature variations across the nebula. Our analysis suggests that the nebula has a dense central emission core. The nebula was thus studied by dividing it into two regions: 1) an high ionization region characterized by an electron temperature of Te = 16 300 K and a density of log Ne(cm −3 ) = 6.3; and 2) a low ionization region represented by Te = 11 400 K and log Ne(cm −3 ) = 3.7. A large number of ORLs from C, N, O and Ne ions have been used to determine the abundances of these elements relative to hydrogen. In general, the resultant abundances are found to be higher than the corresponding values deduced from collisionally excited lines (CELs). This bulge PN is found to have large enhancements in two α-elements, magnesium and neon.
Introduction
M 2-24 (PK 356-5
• 2) is a compact (angular radius ∼ 4 arcsec), faint [log F (Hβ) = −12.10 (erg cm −2 s −1 ); Cahn et al. 1992] planetary nebula in the Galactic bulge. Beaulieu et al. (1999) measured its heliocentric radial velocity as 137 km s −1 . Using a statistical method, Zhang (1995) obtained a distance of 11.79 kpc for M 2-24. Similar to IC 4997 (Hyung et al. 1994) , the spectrum of M 2-24 shows an extremely large [O iii] λ4363 to Hγ λ4340 intensity ratio, suggesting that it may have a high-density emission core. The presence of large density inhomogeneities in a nebula could lead to erroneous elemental abundances determined using the empirical method based on collisionally excited lines (CELs; Zhang & Liu 2002) .
The determination of abundances in PNe provide very important constraints on the nuclear and mixing processes in their progenitor stars and on the chemical evolution of galaxies. Some recent chemical abundance studies of PNe in the Galactic Bulge are given by Ratag et al. 1992 , Ratag et al. 1997 , Cuisinier et al. 2000 , Escuder & Costa 2001 . However, in all these studies, the heavy element abundances relative to hydrogen were based on CELs only.
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We have obtained medium-resolution, deep optical long-slit spectra of the bulge PN M 2-24. A large number of optical recombination lines (ORLs) detected in its spectrum can be used to determine elemental abundances. Unlike CELs, ionic abundances derived from ORLs are insensitive to the electron temperature and density in the emission region. Thus the presence of a high-density emission core in M 2-24 will hardly affect the abundances determined from ORLs. A long-standing problem in nebular abundance studies has been that the heavy-element abundance derived from ORLs are systematically higher than those derived from CELs (see Liu 2001 Liu , 2003 for recent reviews). As we show in this paper, even in the PNe with very dense cores, the large density fluctuation cannot completely explain the discrepancies between the ORL and CEL abundances. Based on detailed studies of several PNe, Liu (2001) concluded that the large discrepancies between the ORL and CEL abundances observed in some nebulae are mostly caused by the presence of extremely cold H-deficient inclusions embedded in normal nebular material.
In Sect. 2 of this paper, we describe our new optical observations of M 2-24 and data reduction and present the observed line fluxes. Dust extinction towards M 2-24 is discussed in Sect. 3. Plasma diagnostic analyses are presented in Sect. 4. In Sect. 5, we present and discuss the ionic and elemental abundances derived from both ORLs and CELs. A general discussion then follows in Sect. 6.
Observations and data reduction
The observations were carried out with the ESO 1.52 m telescope using the long-slit spectrograph Boller & Chivens (B&C) . A journal of observations is presented in Table 1 . In 1996, the detector was a UV-enhanced Loral 2048 × 2048 15 µm × 15 µm chip, which was superseded in 2001 by a 2688 × 2688 15 µm× 15 µm chip. The B&C spectrograph has a useful slit length of about 3.5 arcmin. In order to reduce the CCD read-out noise, in 1996 the CCD was binned by a factor of two along the slit direction, yielding a spatial sampling of 1.63 arcsec per pixel projected on the sky. A slit width of 2 arcsec was used throughout except for one short exposure for which an 8 arcsec wide slit was used so that total line fluxes from the whole nebula were recorded. The slit was oriented in the north-south direction (PA= 0 • ). The wavelength range from 3530Å-7430Å was observed in 1996 with an effective spectral resolution of 4.5Å, as determined from the FWHM of the calibration lamp lines. A short exposure was taken in order to obtain intensities of the brightest emission lines, which were saturated in the spectrum of 5 min exposure time. At the same slit position an additional wavelength range was observed in 2001, covering 3500Å-4805Å at a resolution of 1.5Å FWHM.
All the spectra were reduced using the long92 package in midas 1 following the standard procedure. The spectra were bias-subtracted, flat-fielded and cosmic-rays removed, and then wavelength calibrated using exposures of a HeAr-CuFe calibration lamps. Absolute flux calibration was obtained by observing the standard stars Feige 110 and the nucleus of PN NGC 7293 (Walsh 1993) . The extracted spectra M 2-24, after integrating along the slit, are plotted in Fig. 1 . The spectra have not been corrected for interstellar extinction. The spectrum taken with an 8 arcsec wide slit yields an Hβ flux of log F (Hβ) = −12.11 (erg cm −2 s −1 ), which is in good agreement with the value of -12.10 (erg cm −2 s −1 ) tabulated in Cahn et al. (1992) . All line fluxes, except those of the strongest lines, were measured using Gaussian line profile fitting. For the strongest and isolated lines, fluxes were obtained integrating over the observed line profiles. A full list of observed lines and their measured fluxes are presented in Table 2 . In Table 2 , column (1) gives the observed wavelengths after corrected for the Doppler shift as determined from the Balmer lines. The observed fluxes are given in column (2). Column (3) lists the fluxes after corrected for interstellar extinction, I(λ) = 10 cf (λ) F (λ), where f (λ) is the standard Galactic extinction law for a total-to-selective extinction ratio of R = 3.1 (Howarth 1983) and c is the logarithmic extinction at Hβ (cf. Sect. 3). Column (4)-(10) give the ionic identification, laboratory wavelength, multiplet number, the lower and upper spectral terms of the transition, and the statistical weights of the lower and upper levels, respectively. All fluxes are normalized such that Hβ = 100.
Reddening summary
The measured Hα/Hβ, Hγ/Hβ, and Hδ/Hβ ratios, together with the logarithmic extinction at Hβ, c = log I(Hβ)/F (Hβ), derived from these ratios using the Galactic reddening law of Howarth (1983) , are listed in Table 3 . The extinction derived from the Hα/Hβ ratio is higher than those derived from the higher order Balmer lines, suggesting possible self-absorption effects caused by significant optical depths in the Balmer lines. The Balmer line ratios Hα/Hβ and Hγ/Hβ as a function of the optical depths of Ly α and H α are given by Cox & Mathews (1969) . For an H α optical depth of 5, the observed Hα/Hβ and Hγ/Hβ ratios yield very similar reddening constants of c(Hβ) = 0.80. For comparison, the observed total Hβ flux, log F (Hβ) = −12.11 erg cm −2 s −1 and the 5-GHz radio free-free continuum flux density, S(5 GHz) = 0.003 Jy, for M 2-24 (Cahn et al. 1992 ) yield a very low value, c(Hβ) = 0.08. It is possible that the radio flux density for this faint PN may have been significantly underestimated, leading to an underestimated interstellar extinction constant. On the other hand, it is also possible, as has been known for some time (Stasíska et al. 1992; Walton, Barlow & Clegg 1993; , the standard interstellar extinction law (R V = 3.1) may not be applicable to the lines-of-sight towards Galactic bulge PNe. Here we have adopted c(Hβ) = 0.80, as derived from the observed Balmer line ratios after corrected for the optical depth effects, to deredden the optical spectra.
Plasma diagnostics
In the optical spectrum of M 2-24, a number of CELs, which are useful for nebular diagnostic analysis and abundance determinations, are observed. The electron tem- peratures and densities derived from various CEL diagnostic ratios were obtained by solving the level populations for multilevel (≥ 5) atomic models. The plasma diagnostic diagram based on these line ratios are plotted in Fig. 2 . The ratios employed were [
Note that the intensity of the weak line [Ar iii] λ5192 has a relatively large uncertainty making the [Ar iii] λ7135/λ5192 ratio less reliable as a plasma diagnostic. According to the intersectant points of the temperature diagnostic [N ii] (λ6548 + λ6584)/λ5754 with four density diagnos-
b λ6731/λ6716, we can conclude that the singly ionized regions can be characterized by a temperature of T e = 11 400 ± 500 K and a density of log N e (cm −3 ) = 3.7 ± 0.4. On the other hand, emission from doubly ionized species such as [O iii] (λ4959 + λ5007)/λ4363 appear to arise from a separate high density emission region. Fig. 2 also shows the Balmer jump (BJ) temperature derived from the ratio of the nebular continuum Balmer discontinuity at 3646Å to H 11 λ3770 (Fig. 3) , using the formula given by . We used the ratio of the Balmer discontinuity to H 11 rather than to Hβ, since the temperature thus derived is much less The spectrum has not been corrected for extinction and is normalized such that F (Hβ) = 100. sensitive to uncertainties in the reddening correction and flux calibration, given the small wavelength difference between the Balmer discontinuities and H 11. The He + /H + and He ++ /H + ionic abundance ratios, which are needed to calculate T e (BJ), are taken from Sect. 5. We found T e (BJ) = 16 300 K, which is about 5000 K higher than the temperature implied by the nebular diagnostics from singly ionized species. Fig. 2 would yield an electron density of log N e (cm −3 ) = 6.35 and 6.15, respectively. This would suggest that this hotter, high ionization region (dominated by doubly ionized species) is probably also much denser than the cooler region from which lines from singly ionized species arise.
That M 2-24 contains a dense emission region is supported by our analysis of its hydrogen recombination line spectrum. In Fig. 4 , we plot the observed intensities of high-order hydrogen Balmer lines (n → 2, n = 11, 13, ..., 23) as a function of the principal quantum number n of the upper level. Theoretical intensities for different electron densities are also plotted assuming an electron temperature of 16 300 K, as deduced from the ratio of nebular continuum Balmer discontinuity to H 11. The intensities of the Balmer decrement are density-sensitive but depend only weakly on temperature, thus provide a valuable density diagnostic. In particular, they can be used to probe high-density ionization regions where collisionally excited diagnostic lines of relatively low critical densities are suppressed by collisional de-excitation. Given our spectral resolution, the Balmer lines can be resolved (and thus the Balmer decrement can be measured) up to n = 23. Fig. 4 shows that the measured intensities of almost all the Balmer lines from n = 11 to 23 yield an best fit density between 10 6 -10 7 cm −3 , except for H 14 λ3721.94, H 15 λ3711.97 and H 16 λ3703.86, which are blended with the [S iii] λ3721.63, O iii λ3715.08 and He i λ3705.12 lines, respectively. Fig. 5 , we compare the surface brightness distributions of The above analysis reveals that M 2-24 has two distinct emission regions of very different physical conditions. The hotter and denser region, characterized by T e = 16 300 K and log N e (cm −3 ) = 6.3, is from a dense core close to the central star. The cooler, lower density region, characterized by T e = 11 400 K and log N e (cm −3 ) = 3.7 and dominated by emission from singly ionized species, is from an outer shell. Thus M 2-24 bears many resemblances to Mz 3 previously analyzed by us (Zhang & Liu 2002) . Fig. 6 illustrates N e derived from various diagnostics as a function of Ionization Potential (IP) of the diagnostic lines. For the purpose of ionic abundance determinations (see below), we have thus divided the nebula into two regions based on IP, as indicated by the dashed line in Fig. 6 .
Abundance analysis
In this section we present the elemental abundances derived from observed line intensities relative to Hβ. For both CELs and ORLs abundance calculations, the effective recombination coefficient of Hβ was taken from Storey & Hummer (1995) . Based on the plasma diagnostic results, a constant temperature of T e = 16 300 K and a density of log N e (cm −3 ) = 6.3 have been assumed for ions with IP higher than 20 eV. For ions of lower IP, a constant temperature of T e = 11 400 K and a density of log N e (cm −3 ) = 3.7 have been assumed. In Sect. 3, we showed that the Balmer line emission from the nebula is probably optically thick and estimated an optical depth of 5 for Hα. The effect of self-absorption on Hβ flux has to be corrected for before the observed line intensities tabulated in Table 2 can be used to calculate the ionic abundances. The escape probability of Hβ as a function of Hα optical depth has been calculated by Cox & Mathews (1969) . By interpolating their results, we derived an escape probability of 0.67 for Hβ for an Hα optical depth of 5. Consequently, we have divided all the line intensities relative to Hβ tabulated in Table 2 by a factor of 0.67 before calculating the ionic abundances.
Ionic abundances from CELs
The ionic abundances are derived by
where I jk /I Hβ is the ratio of the intensity of the ionic line to Hβ; λ jk /λ Hβ is the ratio of the wavelength of the ionic line to that of Hβ; α Hβ is the effective recombination coefficient of Hβ; A jk is the Einstein spontaneous transition probability of the ionic line; and N j /N (X i+ ) is the ratio of the fractional population of the upper level from which the ionic line originates, which is sensitive to the electron temperature and density. References for the adopted collision strengths and transition probabilities are listed in Table 5 .
The ionic abundances derived from optical CELs are presented in Table 6 . Given that ionic abundances derived from CELs are very sensitive to the adopted electron temperature and density, and the fact that their values in the dense central emission core of M 2-24 are not well constrained by our current observations, the results presented in Table 6 may suffer large uncertainties. Additional errors may also be introduced by the fact that not all the observed fluxes of lines with IP > 20 eV arise entirely within the dense core. Conversely, not all the observed fluxes of lines with IP < 20 eV arise exclusively in the the outer, less dense nebular layers. In other words, our simple two-zone model may not be sufficient for such a complicated object.
For comparison, On the other hand, given their higher excitation energies, the ionic abundances derived from auroral or transauroral lines are more sensitive to the adopted T e than those derived from nebular lines. The abundances derived from the auroral or transauroral lines are in good agreement with those deduced from the nebular lines, suggesting the adopted electron temperature and density for the low ionization region are reasonable.
Ionic abundances from ORLs
In order to compare with the ionic abundances derived from CELs, we also determine ionic abundances using ORLs. From the measured intensities of ORLs, ionic abundances can be derived using
where α jk is the effective recombination coefficient for the ionic ORL. Ionic abundances derived from ORLs depend only weakly on the adopted temperature, ∼ T α e , where |α| < ∼ 1, and are essentially independent of N e under the low density conditions (N e < ∼ 10 8 cm −3 ). As a consequence, the presence of temperature and density fluctuations will have little effects on ORL abundances. The ionic abundances derived from ORLs are presented in Table 7 . ORLs blended with strong lines have large uncertainties in the measured intensities and therefore have been excluded from the table.
The He + /H + abundance ratios derived from the λλ4471, 5876 and 6678 lines were weighted by 1:3:1, roughly proportional to the intrinsic intensity ratios of the three lines. In a typical PN, the singlet resonance lines of He i are strongly optically thick, thus Case B recombination is usually a much better approximation than Case A for the He i singlet recombination lines. The He i triplets have no n = 1 ground level and resonance lines from the meta-stable (pseudo) ground level 2s 3 S are normally optically thin, thus Case A recombination should be a good approximation for the He i triplet lines. Therefore, Case A recombination was assumed for the triplet lines λ4471 and λ5876, and Case B for the singlet λ6678 line. A recent calculation of the effective recombination coefficients of He i lines is given by Smits (1996) . The contributions to the observed line fluxes by collisional excitation from the He 0 2s 3 S and 2s 1 S meta-stable levels by electron impacts were studied by Sawey & Berrington (1993) . Combining the recombination data of Smits (1996) and the collision strengths of Sawey & Berrington (1993) , Benjamin et al. (1999) presented improved values for He i line emission coefficients and fitted the results with analytical formulae. We have adopted their formulae in determining the He + /H + abundance ratios. The results derived from the three lines, λλ4471, 4876 and 6678, agree reasonably well. The He 2+ /H + abundance ratio was calculated using the He ii λ4686 line only, for which the effective recombination coefficient was taken from Storey & Hummer (1995) .
Compared with He
+ /H + , the He 2+ /H + abundance ratio is negligible, suggesting M 2-24 is a relatively low excitation nebula.
In Table 8 , we compare the intensities of He i lines relative to λ4471 line observed in the spectrum of M 2-24 with the predictions of Benjamin et al. (1999) for an electron temperature of T e = 11 400 K and a density of log N e (cm −3 ) = 3.7. The relative differences, ∆ = (I obs − I pred )/I obs are also given. Table 8 shows excellent agreement between the observations and recombination theory for the 2p 3 P o -nd 3 D and 2p 1 P o -nd 1 D series. The observed intensity of 2s 3 S-3p 3 P o λ3889 is much lower than the theoretical prediction, suggesting absorption and reprocessing of photons of the 2s 3 S-np 3 P o series to be quite significant. As a result, the 2p 3 P o -3s 3 S λ7065 is enhanced, consistent with the observations. A detail discussion of the effect of optical depth of the 2 3 S level on the nebular spectrum of He i line is given by Benjamin et al. (2002) . Table 8 also shows that the observed inten- (Liu et al. 2000) , M 1-42, and M 2-36 . This is attributed to the destruction of He i Lyman photons by the photoionization of H 0 or by absorption of dust grains ).
The C 2+ /H + abundance ratio was estimated from the 3d 2 D-4f 2 F λ4267 doublet, which has a high S/N ratio. The adopted effective recombination coefficient for the C ii transition was from Davey et al. (2000) , considering the effects of both radiative and di-electronic recombination. Case B was assumed, although the effective recombination coefficient of the C ii λ4267 line is fairly caseinsensitive. The C 3+ /H + abundance ratio was derived from the λ4187 (V 18) C iii recombination line based on the effective recombination coefficient given by Péquignot et al. (1991) and the di-electronic recombination coefficient given by Nussbaumer & Storey (1984) . The C iv 3s 2 S-3p 2 P o λλ5802, 5812 lines of multiplet V 1 have been detected in the spectrum of M 2-24. However, no effective recombination coefficient is available for this multiplet. Thus ORL C 4+ /H + abundance ratio cannot be determined. In fact, the C iv λλ5802, 5812 lines are expected to arise mainly in the wind from the central star due to their broad feature and the low He 2+ /H + abundance ratio in the PN.
The N 2+ /H + abundance ratio was derived from N ii ORLs from the 3s-3p, 3p-3d and 3d-4f configurations. Only triplet lines were detected and Case B recombination was assumed for all these triplets. The strongest transition is V3 3s 3 P o -3p 3 D λ5679.56 and its effective recombination coefficient is fairly insensitive to the assumption of Case A or B. In comparison, the effective recombination coefficient of the other strong multiplet, V 28 3p 3 P3d 3 D o λ5941, is extremely case-sensitive. Comparison of N 2+ /H + abundances derived from the two multiplets, assuming Case B, suggests Case B is a good approximation for V 28. The latest calculation for the effective recombination coefficients of N ii lines, including contributions from both radiative and di-electronic recombination, is given by Kisielius & Storey (2002) , assuming LS-coupling. The calculation however did not include the 3d-4f transitions for which effects due to departure from LS-coupling become important. We have thus adopted the effective recombination coefficients given by Kisielius & Storey (2002) for the 3s-3p and 3p-3d transitions and those by Escalante & Victor (1990) for the 3d-4f transitions. In the spectra of M 2-24 and M 2-36, found that the N 2+ /H + ratios derived from the 3s-3p (V 3 and V 5) transitions are significantly higher than those derived from the 3d-4f lines and attributed the discrepancy to continuum fluorescence excitation of the 3-3 transitions by starlight. The fluorescence can play a role in the excitation of the 3-3 transitions, but not for transitions from the 3d-4f configurations. In M 2-24, the ionic abundance derived from the N ii multiplet V3 3s 3 P o -3p 3 D λ5680 is in good agreement with those deduced from the 3d-4f configurations, suggesting that fluorescence is not important in this nebula. The N ii V 5 3s
3 P o -3p 3 P λ4607 line yields a higher N 2+ /H + ratio than the average (by a factor of 2-3), but this is probably caused by its blending with the [Fe iii] λ4607 line. The N 3+ /H + abundance ratio was derived from the N iii λ4379 line of Multiplet V18 using the effective recombination coefficient of Péquignot et al. (1991) and the di-electronic recombination coefficient of Nussbaumer & Storey (1984) . Although a number of N iii lines of Multiplet V3 are detected, no effective recombination coefficients are available for these lines. N iii lines of Multiplets, V1 and V2 are excited by Bowen fluorescence mechanism or by stellar continuum fluorescence, thus cannot be used for abundance determinations.
A number of O ii multiplets have been detected, both doublets and quartets. The O 2+ /H + abundance ratios derived from them agree reasonably well except for a few cases. The effective recombination coefficients are from Storey (1994) for 3s-3p transitions (assuming LScoupling) and Liu et al. (1995) for 3p-3d and 3d-4f transitions (assuming intermediate coupling). Case A was assumed for the doublets and Case B for the quartets. However, all the multiplets analyzed here are caseinsensitive except for V19. The good agreement between the O 2+ /H + abundance ratios derived from V19 and those from the other multiplets suggests that Case B is a good assumption for V19. Several multiplets of O iii permitted lines have been detected. Unfortunately, all of them are dominated by excitation of the Bowen fluorescence mechanism or by the radiative charge transfer reaction of O
3+
and H 0 ) rather than by recombination. Thus they cannot be used for abundance determinations. Table 7 also gives the Ne 2+ /H + abundance ratios derived from several Ne ii ORLs. For the Ne ii 3s 4 P-3p 4 P λ3777 line (V 1), the effective recombination coefficients was taken from Kisielius et al. (1998) , calculated in LScoupling. Case B was assumed although the multiplet is case-insensitive. For the 3d-4f lines, preliminary effective recombination coefficients calculated in intermediate coupling (Storey, private communication) were used. As in the case of NGC 6153 (Liu et al. 2000) , NGC 7009 , M 1-42 and M 2-36 ), the Ne 2+ /H + ratio derived from the Ne ii 3s 4 P-3p 4 P λ3777 multiplet is lower than those deduced from the 3d-4f transitions. For M 2-24, the ratio of the average Ne 2+ /H + ratio derived from the 3d-4f lines to the value deduced from the 3s-3p line is 2.0, comparable with the corresponding values of 1.7, 2.0, 1.4 and 2.0 for NGC 6153, NGC 7009, M 1-42 and M 2-36, respectively. The cause of the disparity remains unknown.
Mg 2+ /H + ratio has been derived from the Mg ii 3d 2 D4f 2 F o λ4481 line. As pointed out by Barlow et al. (2002) , the Mg ii 4481.21 line is the strongest and easiest to measure ORL from any third-row ion. The effective recombination coefficient of the C ii λ4267 has been assumed for the Mg ii λ4481 line in the calculation of Mg 2+ /H + , given the similarity between the atomic structure of Mg ii and C ii. Mg 2+ occupies an unusually large ionization potential interval, from 15 eV to 80 eV, thus in a typical nebula, essentially all Mg exists in the form of Mg 2+ .
Comparison of ORL and CEL abundances of O 2+
and Ne 2+ O 2+ /H + and Ne 2+ /H + ratios are available from both ORLs and CELs. In both cases, the ORL abundances are found to be significantly higher than the corresponding values derived from CELs. Peimbert et al. (1993) calculated O 2+ /H + abundances ratios in two H ii regions the Orion Nebula, M 17 and in the planetary nebula NGC 6572 using O ii ORLs and found that they are about a factor of 2 higher than those derived from [O iii] forbidden lines. They attributed the discrepancy to the presence of spatial temperature fluctuations. However, detailed abundance analyses for the PNe NGC 7009 (Liu et al. 1995; , NGC 6153 (Liu et al., 2000) , M 1-42 and M 2-36 , which show extremely large discrepancies between the ORL and CEL abundances, ranging from a factor of 5 up to a factor of 20, have found that infrared fine-structure lines, which are temperatureinsensitive, also yield quite low ionic abundance similar to those derived from the optical and UV CELs. Thus fluctuations of temperature are not the main cause of the discrepancy. In M 2-24, the discrepancies are a factor of 17 and 46 for O 2+ /H + and Ne 2+ /H + , respectively. Considering that M 2-24 shows an unusual large density contrast (approx. 3 orders of magnitude) between the core and the low ionization regions, the density fluctuations might have played an important role in causing the discrepancy. In the dense region of M 2-24, CELs are strongly suppressed due to heavy collisional de-excitation. The electron density of log N e(cm −3 ) = 6.3 adopted above may have been underestimated for the [O iii] and [Ne iii] emission regions. As a result, the ionic abundances derived from these lines may have been underestimated. The Balmer decrement suggests the electron density of M 2-24 can be as high as ∼ 10 7 cm −3 (see Fig. 4 
Total abundance
The total elemental abundances derived for M 2-24 from CELs and ORLs are presented in Table 9 . The ionization correction factors (ICFs) listed in the second column of this table are for the corrections of He, C, N, O, Ne and Mg ORL abundances and N, O, Ne, S, Ar and Fe CEL abundances (see below) . For comparison, we also list the average abundances deduced for Galactic PNe by Kingsburgh & Barlow (1994) and the solar photospheric abundances compiled by Grevesse & Sauval (1998) .
Due to the relatively low excitation nature of M 2-24 (the excitation class E.C. = 1.7, see Sect. 6), a significant amount of neutral helium in the ionized hydrogen zone is expected. In order to correct for the unseen He 0 , it is necessary to evaluate the helium ICF. For this purpose, we note that He 0 has an ionization potential of 24.5 eV, very close to the value of 23.3 eV for S + . Thus to a good approximation, we have He H = ICF(He) × He
From the S + and S 2+ abundances presented in Table 6 , we obtain ICF(He)= 1.63.
For carbon, C ii and C iii ORLs have been detected. The ionic concentration in C 3+ should be negligible given the nearly absence of He 2+ in M 2-24. The C + ionic concentration needs to be accounted for. Thus the carbon abundance is derived by
where ICF is estimated as (Kingsburgh & Barlow 1994) ,
For oxygen, the ionic concentration O 3+ again can be neglected. Thus the total elemental abundance of oxygen is simply given by the sum of the ionic concentrations in O + and O 2+ , both have been observed in the case of CEL analysis. For ORL analysis, however, the O + ionic abundance cannot be determined. The total ORL abundance of oxygen thus is obtained by assuming that the O 2+ /O ratio for the ORL abundance is same as for the CEL abundance.
For nitrogen, neon, sulphur and argon, the total CEL abundances were derived using the ICF formulae given by Kingsburgh & Barlow (1994) . The total ORL abundances of nitrogen and neon are also estimated based on the assumption that the fractions of the unobserved ionic species for the ORL abundances are the same as those in the case of the CEL abundances. Among these elements, nitrogen has an extremely large ICF of 23.3 because only singlet ionized stage is detected for this element. Such a large ICF could lead to a large error in the final N/H elemental abundance ratio derived from CELs.
For magnesium, no ionic abundance is available from CELs and only Mg 2+ /H + abundance ratio has been determined from an ORL. However, Mg 2+ is the dominant ionic stage of magnesium due to its large ionization potential interval, ranging from 15 to 80 eV. Mg 3+ must be negligible in this low excitation nebula. Peimbert & Torres-Peimbert (1983) , M 2-24 is a Type-II PN. Barlow et al. (2002) derived Mg/H abundances for ten PNe and found they fall within a remarkably narrow range consistent with the solar value. In M 2-24, the Mg/H abundance is higher than the solar value by a factor of 6.3, suggesting that not all PNe have similar Mg/H abundances. The iron abundance in M 2-24 is depleted by The enhancement of nitrogen could be attributed to the combined effects of the third dredge-up with hot-bottom burning. It is however very interesting to note that two α-elements, neon and magnesium are overabundant with respect to oxygen by large amounts. This is further discussed in the following section.
Discussion
The optical spectrum of M 2-24 shows that it is a lowexcitation PN. Based on the excitation classification scheme proposed by Dopita & Meatheringham (1990) , which makes use of the observed I([O iii]λ5007)/I(Hβ) line ratio for low and intermediate excitation PNe (E.C. ≤ 5), and the I(He IIλ4686)/I(Hβ) ratio for higher excitation class PNe, we find that M 2-24 has an E.C. of 1.7 from the observed I([O iii]λ5007)/I(Hβ) ratio.
In Fig. 7 , we show that in M 2-24, the densities derived from various diagnostic line ratios are positively correlated with their critical densities. There might be a denser region in the nebular core, where all density-diagnostic CEL lines become invalid due to strong collisional de-excitation. Such a high density nebular core might be caused by the strong mass exchange between the central star and its companion or by compression of shock waves. Similar features are also found in other PNe, such as M 2-9 (Allen & Swings 1972) , Mz 3 (Zhang & Liu 2002) , He 2-428 and M 1-91 (Rodríguez et al. 2001) . Zhang & Liu (2002) showed that [Fe iii] forbidden lines are ideal diagnostics to probe the high density regions because of their relative high crit- M 2-24 shares some common characteristics with the bipolar nebula Mz 3. Both PNe are low excitation and have dense emission cores. For both PNe, the extinctions yielded by the Hα/Hβ ratio are significantly higher than those derived from the higher order Balmer lines, suggesting that the Balmer lines from these dense central regions could be optically thick. Thus, M 2-24 and Mz 3 might share a similar evolutionary scenario that the two PNe may have been produced by eruptions of binary systems. On the other hand, there are some differences between the two objects. M 2-24 has a prominently higher neon abundance than Mz 3. While the iron abundance of M 2-24 is relative lower than that of Mz 3 (approx. one order of magnitude). This could imply that the two objects have been formed in different chemical environments.
In our abundance analysis of the highly-ionized species, the Balmer jump temperature T e (BJ) = 16 300 K was used. The ratio of the nebular continuum Balmer dis-continuity to Balmer line is practically independent of the density, thus T e (BJ) yields the average temperature of the nebula. As a consequence, if there are large temperature variations in the nebula, our CEL abundances of highionization species will be problematic. found the discrepancy between the ionic abundances derived from ORL and CEL is positively correlated with the difference between the electron temperatures derived from the [O iii] forbidden line on the one hand and from the nebular continuum Balmer discontinuity on the other, i.e. T e ([O iii])−T e (BJ). For M 2-24, the O 2+ /H + abundance ratio derived from ORLs is higher than that derived from CELs by a factor of 17, suggesting T e ([O iii]) might be higher than T e (BJ) by approximately about 5000 K (c.f. the fitting given by . Such a discrepancy of temperature is partially attributed to the temperature fluctuation across the nebula, as suggested by Peimbert (1971) , although the high-density regions can cause [O iii] nebular lines to be collisionally de-excited and lead to overestimated T e ([O iii]), as pointed out by Viegas & Clegg (1994) . Thus the adoption of T e (BJ) might lead to overestimating the CEL abundances of M 2-24. In order to clarify the effects of the temperature fluctuation on CEL abundances in M 2-24, better temperature-diagnostics for the high-density regions are needed.
In order to explain the disparity between the elemental abundances derived from CEL and from ORL, Liu et al. (2000) presented a two-component nebular model, with H-deficient material embedded in diffuse material with 'normal' abundance (∼ solar). The generally higher ORL abundances than the solar suggest the H-deficient condensations might also exist in M 2-24. ORL abundances of heavy elements have been enhanced by the H-deficient inclusions. On the other hand, the presence of the high density core region might lead to underestimated CEL abundances, as discussed above. The lack of an ideal temperature-diagnostic for the high-density regions also causes some uncertainty in the derived CEL abundances. Therefore, both the abundances derived here from CELs and from ORLs might be uncertain for this particular PN. For the purpose of accurate abundance determination, a proper photoionization model, which includes a dense central emission core and possible existence of H-deficient condensations is needed, which is beyond the scope of the current paper.
It is noteworthy that this bulge PN has a large magnesium abundance enhancement over solar. Barlow et al. (2002) have presented that the observed enhancement in ORL abundance for second-row elements such as carbon, nitrogen, oxygen and neon, is absent for third-row elements such as magnesium and silicon. Considering the depletion of magnesium in PNe, although expected to be small (Barlow et al. 2002) , the observed Mg/H ratio should represent a lower limit to the magnesium abundance of the progenitor star of M 2-24. Thus the high Mg/H ratio implies that the progenitor star of this bulge PN may be extremely Mg-rich, suggesting it has formed in a very different environment with respect to the Sun. This is consistent with previous studies which show that magnesium is generally enhanced in the Galactic bulge (McWilliam & Rich 1994) . In addition, neon is enhanced by a large amount relative to the solar abundance. The general enhancement of α-elements in M 2-24 may suggest that Type II supernova explosions might have played a major role in the chemical evolution history of the Galactic bugle, given that α-elements are mainly produced by massive stars which explode as Type II supernovae. To test this, however, the O, Ne and Mg abundances for a large sample of Galactic bulge PNe need to be studied. Alternatively, M 2-24 might have been heavily polluted by nucleosynthesis in its progenitor star. In other words, this object could be in fact a symbiotic nova. The presence of an extremely dense core in M 2-24, which might have been produced by, e.g. mass transfer, seems to be in favour of this argument. Further observation is needed to clarify this.
